Abstract~A series of Cu(II) reduced charge montmorillonites (RCM) of varying charge reduction has been prepared by exchange of the parent Li(1)-Na(I) mineral with CuC12 in 95 per cent ethanol solution. The Cu(II) exchange capacity, as determined by Na(I) exchange in 1 : 1 (v/v) ethanol-water, is a linear function of the fraction of Li(I) initially present on the exchange sites, F. Selective Cu(II)-saturation on internal and external sites was achieved at maximum charge reduction (F = 1-0). Water sorption isotherms and (001) basal spacings are interpreted in terms of an increasing tendency toward interlayer collapse with increasing charge reduction. Because of the higher hydration energy of the Cu(II) ion, however, the fraction of non-expansible interlayers at a given F value is lower than those present in the corresponding Li(I)-Na(I) RCM. Electron spin resonance spectra of oriented samples show that under air-dried conditions (ca. 40 per cent r.h.) the predominant Cu(II) species present, whether on internal or external sites, is the planar Cu(H20) 2+ ion. The symmetry axis of the ion is oriented perpendicular to the a-b plane of the silicate sheets. In the presence of a full partial pressure of water, the Cu(II) ions on the external sites and those which are in expansible interlayers become totally hydrated Cu(H20)62 § and tumble rapidly. The Cu(H20)] + ions in non-expansible layers retain their restricted orientation on the silicate surface. Some general conclusions have been drawn regarding the nature of charge distribution in the mineral.
INTRODUCTION
The thermal migration of exchangeable cations, such as lithium, into vacant octahedral positions in montmorillonite has been known for nearly two decades. An important consequence of this cation migration is the reduction in the surface charge of the mineral and the concomitant increase in the mean distance between the cations remaining on the interlamellar surfaces. Variable charge reduction can be achieved by introducing along with Li(I) on the initial exchange sites an ion [e.g. Na(I)] which is too large to penetrate the silicate structure upon heat treatment. Above a critical concentration of Li(I) corresponding to ca. 50 per cent of the initial CEC, the reduced charge minerals resist reexpansion by water. However, recent studies have shown that the reduced charged minerals can be swelled by certain solvents such as ethanol, glycol and morpholine (Calvet and Prost, 1971 ; Brindley and Ertem, 1971; Ertem, 1972) . These latter solvents should provide a means of replacing the exchangeable Li + and Na § ions with any desired cation. It has been demonstrated recently that Cu(II) ions can serve as a useful probe in detecting environmental influences of silicate surfaces on exchangeable ions by electron spin resonance (e,s.r.) spectroscopy (Clementz et al., 1973) . The technique has been applied in the current study to obtain structural information for hydrated Cu(II) ions on the internal and external exchange sites of reduced charge montmorillonites (heareafter designated as RCM). In addition, CEC and water sorption isotherms have been determined for the Cu(II)-saturated RCM in order to assess the effect of the transition metal ion on the cation exchange and swelling properties of the mineral.
EXPERIMENTAL

Preparation of R CM
A series of RCM samples was prepared by the method of Brindley and Ertem (1971) . Suspensions of <2#m Li(I)-saturated and Na(I)-saturated Upton, Wyoming, montmorillonite (A.P.I. H-25) were mixed in various proportions and classified with regard to the fraction, F, of lithium ions occupying the exchange sites prior to heat treatment. The F values for the four samples in the series were 0-0 [no lithium present in the Na(I)-montmorillonite], 0.2, 0.6 and 1'0 [no sodium added to the Li(I)-montmorillonite]. The suspensions (approx. 600 ml, 0.0047 g ml-1) were stirred for 24 hr to allow maximum randomization of ions and then dried into large thin films (approx. 6 x 12in.) on polyethylene sheets. These clay films were peeled from the polyethylene and heated for 24 hr at 220~ It was believed that this technique would promote homogeneous distribution of ions in all layers.
After cooling, the clay films were suspended in 95 per cent ethanol and dispersed in a Waring blender. The ethanol suspensions were concentrated, and the clay was collected by vacuum filtration. One portion of each airdried, Li(I)-Na(I) RCM sample was saved for the water sorption study.
Cu( I I) exchange forms (a). Cu(ll) saturation o[ internal and external sites.
Total Cu(II) saturation was achieved for RCM at all four F values by stirring the samples for 15-hr periods in 1 N CUC12/95 per cent ethanol solution and repeating the procedure two more times. Excess CuC12 was removed by washing with 95 per cent ethanol until a C1-test with AgNO3 was negative. The samples were allowed to dry in air to remove excess ethanol and were then equilibrated at 20~ and 40 per cent r.h. for 24 hr. All of the Cu(II) ions can be exchanged off with three washes of CaC12 in ethanol, as verified by the loss of a Cu(II) e.s.r, signal.
(b). Cu( l I) saturation of internal sites. X-ray diffraction experiments (see below) indicated that Cu(II)-saturated RCM with F values of 0.6 and 1"0 would undergo limited swelling upon exposure to liquid water. Thus, it was assumed that a large organic cation in aqueous solution would readily exchange Cu(II) on external sites but have difficulty in penetrating the interlamellar space to exchange internal Cu(II) ions. One-g samples of totally Cu(II)-saturated RCM with F values of 0-6 and 1.0 were quickly washed three times with 50ml of an aqueous 0-5 N tetrabutylammonium chloride solution. The wash procedure required approximately 10rain to complete. Excess [BugN] C1 was removed by washing with water.
(c). Cu(lI) saturation of external sites. One-g samples of untreated Li(I)-Na(I) RCM with F values of 0"6 and 1"0 were heated to 110~ for 1 hr to insure removal Of interlamellar ethanol. Each sample was stirred three times in aqueous 1 N CuC12, and then washed free of excess C1 with water. The samples were dried and equilibrated at 20~ and 40~ r.h. This procedure should have rendered all of the external exchange sites Cu(II)-saturated with the internal sites largely unexchanged.
I.R. studies
Thin films of the RCM samples were dried onto Irtran windows and scanned on a Beckman IR-7 spectrophotometer. Lithium migration into the structure was verified by observing the changes in the OH 'wag' vibrations in the 700-900 cm-1 region as discussed by Calvet and Prost (1971) .
Charge reduction measurements
Charge reduction in RCM was verified by determining the amount of exchangeable Cu(II) present in the totally-saturated Cu(II) exchange forms of various F values. A modification of the Mortland and Mellor (1954) technique was used which consisted of suspending the clays in a 50:50 (v/v) mixture of 95 per cent ethanol and water, and titrating conductrometrically with standard NaOH. The titration curves were linear with only one end-point.
Water sorption
The Cu(II)-saturated samples and the unexchanged RCM's were equilibrated for 1 week under 7 different partial pressures of water vapor provided by various saturated salt and sulfuric acid solutions. The weight gain with increasing partial pressure was recorded.
X-ray diffraction studies
The (001) reflections of the samples under various conditions were measured by depositing thin films of the mineral on glass slides. A Philips X-ray diffractometer with copper radiation and a nickel filter was employed.
E.S.R.
Some degree of orientation of crystallites was necessary to give detailed spectral information. Where possible, the oriented film technique employed earlier (Clementz et al., 1973) was used. Samples which did not make good oriented films (e.g. F = 1"0) were pressed into disks (Angel and Hall, 1972) under 10,000 psi for 3 rain on a Carver Press. Narrow strips were sliced from these disks for use as oriented samples. Xband spectra were recorded on a Varian E-4 spectrometer.
RESULTS AND DISCUSSION
The CEC of Cu(II)-saturated RCM, as determined by Na(I) exchange in 1 : 1 (v/v) ethanol water, exhibits a linear dependence on F, the fraction Li(I) initially present on the exchange sites (see Fig. 1 ). At F = I-0, a residual CEC of 27 m-equiv per 100 g is retained which corresponds to about twice the negative charge oi, o12 o13 o14 o15 o16 o;7 o18 o19 ,io Included in Fig. 1 for comparison purposes are the data of Brindley and Ertem (1971) for exchange of Li(I)-Na(I) RCM in ammonium acetate solution. The nonlinear dependence on F and lower CEC values relative to those obtained for Cu(II) RCM may be due in part to differences in exchange conditions. That is, Cu(II) in ethanol may be more effective than NH~-in aqueous solution in replacing Li(I) and Na(I) in these reduced charge systems. The differences in the data may also arise because of differences in experimental technique. It is believed that protons are generated during the heat treatment of these clays (Farmer and Russell, 1967; Ertem, 1971) . The protons could migrate to octahedral sites, satisfy charge, and limit Li(I) migration. Resolvation of the RCM can cause the protons to leave the octahedral positions (Mortland, 1966) , thus reinstating the negative charge on the silicate structure. Since Brindley and Ertem specifically analyzed for the Li(I) and Na(I) exchanged by NH2 and CEC arising from exchangeable protons would be undetected.
Water sorption isotherms for Cu(II)-saturated and unexchanged Li(I)-Na(I) forms of RCM are shown in Fig. 2 . The isotherms reveal two important effects. First, a marked reduction in sorption occurs with de-CCM: Vol. 22, NO. 1 E creasing layer charge for the Cu(II)-saturated forms (Fig. 2a) . Second, the presence of Cu(II) on the exchange sites increases the water sorption over that of the unexchanged Li(I)-Na(I) RCM with F values of 0'6 and 1.0 (Figs. 2b and 2c) . The two effects underscore the importance of metal ion hydration in the sorption process. The enthalpy of hydration of Cu(II) is -2100 kJ mole-1, whereas for Li(I) and Na(I) the hydration enthalpies are -579 and -406 kJ mole-t, respectively (Cotton and Wilkinson, 1972) .
It has been previously shown that below a 'critical CEC' corresponding to an F value of ca. 0"5, unexchanged Li(I)-Na(I) RCM resists expansion by water (Brindley and Ertem, 1971; Calvet and Prost, 1971) . The low water sorption shown in Figs. 2(b) and (c) for the Li(I)-Na(I) RCM samples with F values of 0.6 and 1-0 are consistent with silicate layers being completely collapsed. In the air-dried state both of these reducedcharge forms of the mineral exhibit a broad (001) X-ray reflection centered at 10-0A. Since the spacing is not altered appreciably when the minerals are exposed to a free water surface, the possibility of any substantial interlamellar water sorption is precluded. The presence of collapsed, nonexpansible interlayers also readily accounts for the virtually identical water sorption isotherm at these two F values.
In marked contrast to the Li(I)-Na(I) RCM, the corresponding Cu(II)-saturated forms with F = 0.6 and 1-0 exhibit appreciably different water sorption capacities (see Fig. 2a ). Under air-dried conditions, the broad (001) reflections are centered at 11.6 and 10.4A, respectively, for Cu(II) RCM at F = 0"6 and 1"0. In comparison, air-dried Cu(II) RCM at F = 0.0 and 0.2, exhibits uniform (001) spacings of 12.3 •. Exposure of the F = 0'6 sample to water vapor causes the low angle side of the (001) reflection to broaden markedly, whereas the analogous broadening at F = 1.0 is much less pronounced. It is concluded, therefore, that Cu(II) is more effective than Li(I)-Na(I) in promoting the expansionby water of some interlayers in an interstratified RCM at F = 0"6, but that at F = 1.0 most of the interlayers remain nonexpansible even in the presence of Cu(II).
Under air-dried conditions all of the Cu(II)-saturated RCM samples exhibit esr spectra consiting of gll and 9• components as expected for Cu(II) ions with axial symmetry. A typical spectrum for a randomly oriented powder sample with an F value of 0.0 is shown in Fig. 3(a) . The low field resonance with g -~ 4 is present in the native mineral and is attributed to iron within the silicate structure (Angel and Hall, 1972) . The hyperfine components of 9• are unresolved, but those ofgli can be distinguished. Perhaps anisotropic effects contribute somewhat to line broadening (Adrian, 1968) . When the spectrum of an oriented film is recorded with the silicate layers parallel to the direction of the magnetic field (H), only g• is observed as shown in Fig. 3(b) . Orientation of the film perpendicular to H gives rise only to the well resolved All components of 011 (Fig. 3c) . Clearly, the symmetry axis of the aquated Cu(II) ion is oriented perpendicular to the silicate layers. Analogous spectral results were obtained for oriented samples of Cu(II) RCM with F values of 0.2, 0-6 and 1.0. Table 1 presents a summary of the CEC and e.s.r, data for oriented, air-dried samples of Cu(II) RCM. Since under air-dried conditions, the (001) Spacings indicate there is sufficient space in the interlayer to accommodate at best only a monolayer of water, the most reasonable formulation for the hydrated Cu(II) giving rise to,the above esr spectra is Cu(H20)] +. As the interlayers begin to collapse at low charge values, water is expelled from outer coordination spheres of the Cu(II) ion, but reg&rdless of the extent of charge reduction, an appreciable fraction of the copper ions retain inner sphere water. Any Cu(II) devoid of coordinated water in totally collapsed interlayers would be difficult to observe by e.s.r, in the presence of Cu(HzO)] +. For example, an internally Cu(II)-saturated RCM sample which was heated at 200~ for 1 hr to drive off coordinated water and allow the Cu(II) ions to occupy sites in hexagonal cavities exhibited a very broad asymmetric line (see Figs. 5h and i discussed below) . Such a weak, broad line would be readily masked by the resonance lines of Cu(H2Q) 2+. Thus, although there may be some layers present which contain Cu(II) in layers devoid of water, especially in those samples with F = 0"6 and 1.0, they could not be detected.
When each of the Cu(II) RCM samples was exposed to water vapor for 24 hr, an intense isotropic Cu(II) signal appeared, centered near 9 = 2.17. The anisotropic signal characteristic of Cu(H20)] + was very weak for the samples with F = 0.6 and 1.0 and completely absent at F = 0"0 and 0'2. The isotropic signal arises because of rapid tumbling or interchange of dynamic Jahn-Teller states for the fully hydrated Cu(H20)~ + ions (Clementz et al., 1973) . Most of the fully hydrated Cu(II) ions at F = 0-0 and 0'20 undoubtedly exist in interlayers containing several molecular layers of water, but at F = 0.6 and 1-0 a large fraction of the ions probably occupy external exchange sites. It was desirable, therefore, to elucidate further the nature of the external exchange sites on the reduced charge mineral.
The end-member, F = l'0, was selected for detailed investigation. Figure 4(a) shows the e.s.r, spectrum of the air-dry, Li(I)-Na(I) RCM before Cu(II) saturation. The sharp resonance near g = 2.0 is due to some paramagnetic constituent of the native clay that has not yet been fully characterized (Angel and Hall, 1972; Friedlander et al., 1963; Wauchope and Haque, 1971) . Figure 4(b) shows the powder spectrum of air-dry Cu(II)-saturated RCM at F = 1-0. It is obviously unsatisfactory fromthe standpoint of characterizing the 911 component due to the combined effects of sloping baseline The isotropic signal obtained upon exposure to water vapor is illustrated in Fig. 4(e) . Figures 5(a and b) are the spectra of a pressed disk of the F = 1"0 Li(I)-Na(I) RCM which was washed with CuC12/H20 solutions to replace predominately the external sites with Cu(II) and then air-dried. The spectra are identical to those observed for Cu(H20)] + in which ions are present both internally and externally (Fig. 4 ). An isotropic signal appears upon exposure of the sample to water (Fig. 5c ). These observations reveal the remarkable fact that under air-dried conditions the hydrated Cu(II) ion possesses axial symmetry and the symmetry axis is perpendicular to the surface in a tetragonal ligand field. If Cu(II) ions on crystal edges assume the same stereochemistry as those on layer surfaces then one would expect the symmetry axis to be perpendicular to the crystal edges. Thus, either the edge sites are so few in number that they cannot be detected by this e.s.r, technique or they are oriented with the symmetry axis parallel to the edges. The latter seems extremely unlikely, and we suggest that edge sites are negligible or non-detectable. The effect of exposure of the sample to water vapor causes the ion to further hydrate, move away from the surface, and tumble rapidly. This combined behavior is very similar to that observed in zeolites (Turkevlch et al., 1972) with the exception that extreme dehydration conditions are required to observe an anisotropic signal for the ion on the zeolite surface. ~00 Gauss (   Fig. 5 . E.S.R. spectra of selectively Cu(II)-saturated RCM (F = 1-0) pressed disks: (a and b) predominantly external Cu(II)-saturation under air-dry conditions with H parallel and perpendicular to the silicate layers, respectively; (c) the same sample after exposure to a free-water surface (essentially orientation independent); (d and e) internally Cu(II)-saturated under air-dry conditions with H parallel and perpendicular to the silicate layers, respectively; (f and g) the previous sample after exposure to a free-water surface witti H parallel and perpendicular to the silicate layers, respect-"ively; (h and i) the previous sample after heating to 200~ for 1 hr, sealed, and allowed to return to room temperature, with H parallel and perpendicular to the silicate layers, respectively.
Perferential internal Cu(II) exchange was accomplished by replacing external Cu(II) sites of totally Cu(lI)-saturated F = 1.0 RCM with tetrabutylammonium ion. Under air-dried conditions the e.s.r, signal is orientation dependent and indicative of the tetraaquo species (Figs. 5d and e) . One notable difference relative to the externally saturated sample is the broadening of the 9• component. Although the 9 factors do not differ significantly from the external Cu(HzO) 2+, the ion is obviously under some axial compression and in a more restricted environment where dipolar interactions with structural Fe(III) can be more pronounced. This could account for the line broadening effects. When this sample is exposed to water (Figs. 5f and g ) there is some indication of isotropic Cu(II), probably present in layers that can expand. The loss of the All components of 911 for the tetraaquo ion can be attributed to the superposition of the isotropic spectrum which is orientation independent. When the sample is heated to eliminate water and permit the internal Cu(II) ion to occupy sites in hexagonal prisms in collapsed interlayers, the orientation independent, asymmetric, broad line shown in Figs. 5(h and i) is observed. The marked line broadening is attributed to enhanced dipolar interactions between Cu(II) and iron in the silicate structure. As indicated earlier, some interlayers may contain dehydrated Cu(II) in the air-dried form of the mineral, but their concentration is too low to discern by e.s.r. in the presence of Cu(H20) 2+.
In order to verify that selective Cu(II) saturation on internal and external sites was achieved for the F = 1"0 RCM, the Cu(II) CEC was determined for both samples. The results are compared in Table 2 with the CEC of the corresponding totally Cu(II)-saturated RCM. The sum of the CEC for the preferentially external and internal exchange forms is only 7 per cent larger than the total CEC. A positive deviation is expected based on a consideration of the reactions used to prepare the samples. The presence of any interlayers expansible by water in the initial Li(I)-RCM at F = 1.0 would lead to an overestimate of the external Cu(II) CEC. On the other hand, expansible interlayers in the corresponding Cu(II) RCM would cause the internal CEC to be underestimated. The impetus for internal replacement of Li(I) by Cu(II), however, should be greater than that for internal replacement of Cu(II) by tetrabutylammonium ion. Thus, the positive error in the external CEC should exceed the negative error in the internal CEC. This argument is substantiated by the CEC data shown in Table 2 for predominantly internal and external Cu(II) exchange forms of RCM with F = 0-6 where there is a greater degree of interstratification and a larger number of water-expansible interlayers. The percent deviation for the sum of apparent internal and external CEC is more than twice that obtained at F = 1.0.
If we attribute the deviation for the sum of internal and external Cu(II) CEC at F = 1.0 to an overestimate of the number of external sites, then the external CEC is 20 m-equiv/100 g. An identical CEC was obtained by Brindley and Ertem (1972) for NH~ exchange of Li(I) RCM at F = 1.0, and this value probably is also an accurate estimate of the external CEC. It has been estimated previously that approximately 20 per cent of the total CEC of montrnorillonite is due to the presence of external sites (Grim, 1968) . Therefore, it is somewhat surprising that the external CEC of RCM at F = 1.0 is so large. It would appear that the Li(I) migration into octahedral sites in internal silicate layers is preferred over migration into octahedral sites in the silicate layers at the external surface. However, it is conceivable that there is no preferential Li(I) migration, but that the Li(I) ions which migrate into the octahedral sites of the surface layers upon heat treatment can migrate out of these sites onto the external surface when the external surface of the mineral is solvated. Further studies are needed, however, to test this latter hypothesis.
CONCLUSIONS
Several important features of reduced charge montmorillonite have been revealed in this study. Regardless of the amount of charge reduction, complete When Cu(II) is the exchangeable ion, the predominant type of external site is on the planar surfaces of the crystallite; the number of edge sites are believed to be negligible. There are three types of interlayers which can contain Cu(II) ions: (i) interlayers of hydrated Cu(II) which can expand upon hydration; (2) those which contain water coordinated to Cu(II) but cannot be expanded beyond a monolayer by water; and (3) interlayers which are completely collapsed with Cu(II) within hexagonal prisms of silicate oxygens. At high surface charge values (corresponding to F = 0-0 and 0-2) the majority of Cu(II) ions are in interlayers of the first type. As the surface charge is reduced, the fraction of interlayers of the second and third type increases. However, at maximum charge reduction (F = 1"0) approximately 75 per cent of the copper ions occupy external sites.
Under air-dried conditions most of the copper ions, whether on external sites or in interlayers of the first and second type, exist as the tetraaquo-species Cu(H20)~ +, and the symmetry axis of the ion is oriented perpendicular to the silicate sheets. Upon exposure to a full partial pressure of water vapor, the ions on external sites and those in layers which will expand become completely hydrated Cu(I-I20) 2 + and tumble rapidly. The Cu(H20)] + species in nonexpansible interlayers maintain their restricted orientation on the silicate surface.
One may regard RCM as being heterogeneous with respect to layer charge distribution. The charge heterogeneity results in differential response to Cu(II)-saturation. Those layers possessing very low charge may collapse and in the process, desolvate the ion. Layers of intermediate charge may allow one hydrated layer to exist, but opposing forces (i.e. van der Waals attraction and coulombic repulsion, as well as the energy required to desolvate the ion) prevent either further contraction or expansion by water. Those layers with somewhat greater charge density may exhibit greater swelling tendencies. But in all cases the presence of ions in the interlamellar space can serve as a 'wedge' to reexpand the layers when a suitable solvent is available. When ions such as lithium and sodium are present on the exchange sites of these low charge montmorillonites one expects there to be a greater proportion of collapsed layers since their enthalpies of hydration are only one fourth and one fifth, respectively, of that for Cu(II).
